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INTRODUCTION 
Over the past two decades, studies of the redox 
reactions of transition metal complexes have been primarily· 
concerned with the oxidation or reduction of the central 
metal atom, with no changes occurring in the oxidation 
state of the ligand • . Numerous studies of reactions of this 
type have been reported (21). Considerably less effort has 
been directed toward reactions of metal-ligand complexes of 
the non-labile type in which the ligands, themselves, are 
oxidized or reduced (15, 31, 36, 37, 3~, 39, ~0). Further, 
only a relatively small number of these latter studies 
have been reported involving cobalt(III) as the central 
metal atom. Systems of this type which have been previous-
ly investigated include: 
[ Co(NH3 J 5I+~ - r- (40), [;:o(en) 2(SCNJ/j - Cl2 (36), 
and ~o(NH3 ) 5c2(\+1] ~ Ce(IV) (31), 
The present work involves the study of the cerium(IV) 
oxidation of the oxalate in the non-labile Co(C2o4)3-3 
ion. It is well known that cerium(IV) will oxidize free 
oxalate (6, 24, 28), and Saffir and Taube (31) have shown 
that the oxidant is capable of reacting with oxalate as a 
ligand attached to cobalt(III). The objective was to 
establish the stoichiometry of the reaction, and to 
investigate the kinetics of the reaction in the hope of 
shedding light on the mechanism of the complex electron 
transfer. 
A recent study (33) of the reaction of 
with cerium(IV) in aqueous sulfuric acid indicates a 
2. 
1:2 stoichiometr7 for the initial reaction, with one mole 
of oxalate being oxidized for each two moles· of cerium(IV) 
reduced. In excess sulfuric acid, the initial react~on 
exhibits second order behavior ,n_ th an apparent second 
order rate constant with respect to cerium(IV) of 
0.12? ± OJJI 0 liter mole - 1 second-1 in 1 .83 M sulfuric 
acid at 25° C. The reactions of ci~-Cr(OH2) 2(C204)2- and 
CrtOH2ht-C2o4+ '\vith cerium(IV) ~n aqueous sulfuric acid 
also proceed initially according to a 1 :2 stoichiometry·, 
and are also first order in each of the two reactants (33). 
The reaction of free oxalic acid and cerium(IV) in 
sulfur~c acid has been found to be of second overall order, 
being first order in each reactant (6, 28). Black and 
Dodson (6) give heats of act~vation and certa~n 
qual~tat~ve observations !"or the system. Cur~ously, 
ho,vever, they suggest a termolecular reaction · (equation 1) 
for the rate determining step: 
This interpretation is difficult to reconcile with the ob-
served second order behavior . 
In their study of the oxidation of "captive": oxalate 
by cerium(IV) in the Co(1~3 ) 5 (c2o4)+1 complex, Saffir 
and Taube (31) found one mole of cerium(IV) reacts with 
one mole of the cobalt(III) complex, with one mole of 
cobalt(II) being produced. It is postulated that "the 
state c2o4- generated by the attack of cerium(IV) is a 
po,.;erful enough reducing agent to reduce cabal t( III) to 
cobalt(II) " . The authors, however, do not indicate 
whether c2o4-1 exists as an intermediate or not. 
Some relevant studies of redox reactions of 
oxalato- cobalt(III) complexes have been made in which the 
oxalate is not oxidized or reduced (3, 12, 18). Dainton, 
et e~ (12) hnve found the electron exchange between 
Ccr(c2o4) 3- 3 and Ca(c2o4) 3-4 to be second order with an 
apparent rate constant of 5 x 10- 5 liter mole-~ second-1 
at 25° c. For this electron exchange , the oxalate acts as 
a bridging group, and the electron transfer is said to 
depend on the opening of the bidentate oxa~ate . 
Studies have been made (32) of the reaction of a 
reducing agent, chromium(II), on complexes· of dicarboxylic 
4. 
acids and pentamminecobalt(III). The reactions involve 
reduction of the cobalt(III) to cobalt(II), and the 
oxidation of chromium(II) to chromium(III), together with 
transfer of the dicarboxylic acids to chromium during the 
electron transfer process. It is concluded that the 
mechanism involves direct attack on the complex by the 
reducing agent. The reaction of Co(NH3)5(c2~)+ with 
chromium(II) is second order and has an apparent rate 
constant of greater than 20 liter mole-1 second-1' at 5° c. 
A number of cobalt(III)-cobalt(II) systems have been 
studied (14, 27) vrlth reference to rate of electron 
exchange. For the systems (21) Co(phen) 3+
2*- Co(phen) 3+3, 
Co(en) 3+
2 
- Co(NH3)6+3, the electron exchange is second 
order.. For the latter three cases, enough ammine in the 
form of the -lnt2 functional group is present to render the 
coordination sphere of the transition state completely 
filled. Thus, no bridging group exists between the 
oxidizing and reducing agents and consequently, the electron 
*phen =-1,10- phenanthroline 
**en = ethylenediammine 
must necessarily enter the coordination sphere of both 
reacting species. 
The electron exchange between Co+2(aq) and Co+3(aq) 
has been studied (7) and has been found to be second 
order1 the specific rate constant is 0.77 liter mole- 1 
second-1 at 0° C in 1 M HCl~. Adamson and Vorres (3) 
have discussed the relation of crystal field stabilization 
of electronic states to rates of electron transfer in 
cobalt(II)-cobalt(III) systems. 
The reaction of iron(II) with Co(C204)3-3 has been 
studied (4); this is a redox reaction not affecting the 
oxalate ligand. The stoichiometry of this reaction was 
established by mixing excess Co(C204)3- 3 '~th iron(II) 
and measuring the residual Co(c2o4) 3- 3 through its absorp-
tion at 420 ¥' and 596 ~. It ,.ras found that· one mole 
of Co(c2o4) 3- 3 reacts with one mole of iron(II) to 
produce Fe(III), Co(II), and c2o4-2• The reaction was 
found to be accurat ely first order in each reactant for at 
least 80% of its cour e. At ionic strength o:r zero the 
second order rate constant is reported to be r 6 x 1o14exp 
( 000/ T) . t - 1' i t _, - 12, R 1~ er mole m nu e • 
A number of other properties of Co(c2o4) 3-3 are 
relevant to the present study and will be described. The 
complex is of the octahedral type; it is relatively 
6. 
non-labile (23), and in terms of the valence bond picture, 
it involves hybridized orbitals of the type d2d2d2n2sPJ. 
With respect to coba~t(III) and free oxalate, the 
stability constant (18) in aqueous solution at room 
temperature is approximately 1020• The Co(c2o4) 3-3 ion 
has been resolved into its optically active forms by 
several method~ (9, 19). Bushra and Johnson (9) have 
studied the rate of racemization and have concluded that 
the mechanism does not involve dissociation of the oxalate. 
Catalysis of the racemization by certain metal ions, 
however, suggests that the oxalate chelate rings are 
opening and closing continuously·, not necessarily at the 
position where the original bond breaking occurred. Also, 
flash photolysis experiments (26) on the solid potassium 
trisoxalatocobaltate(III) salt, using visibie radiation 
indicate the existence of short-lived intermediates that 
could consist of oxalate ligand~ attached to the metal ·atom 
by only one oxygen. 
Isotope studies (16, 22) on the exchange of free 
oxalate with the reactive oxalate in Co(C204) 3-3 show very 
low rate of exchange. For a 10-2 M concentration at 50° C 
less than 5% exchange occurs in 25 minutes.. However, the 
exchange (22) is 50% complete in 130 hours at 50° c. The 
Co(c2o4) 3-3 is, therefore, quite non- labile, and is 
suitable for a study of the oxidation of oxalate in a non-
labile complex. 
The Co(c2p4) 3-3 ion undergoe~ acid hydrolysis, however, 
and Copestake and Uri (11) have reported a first order rate 
-3 ' -6 -1 constant with respect to Co(c2o4)3 of 7.2~ x 10 second 
at 25° c. The reported activation energT is 34 kcal. mole-1 , 
while the entropy of activation is 30 e.u. The aquation is 
said to proceed according to a "pseudomonomolecular" 
reaction (25) initiated by the following reactions: 
(2) 
and 
(3) 
Thus, in the first aquation products, it is suggested that 
one of the oxalate ligands· is coordinated through only one 
OXYgen. 
The acid catalrzed aquation of the Rh(C20~) 3-3 ion 
has recently been studied (5, 20). The aquation product is 
stable and is shown to be Rh(C204) 2(H2o) 2- • The rate of 
aquation is first order with respect to RhCC204)3-3, with 
a rate constant of (~)(1.5 x 10-4) moles liter-1 
-1 ,.,0 
second at 79./ cr The diaquoanion is assumed to be 
8. 
predominantly the cis isomer by analogy to the corresponding 
chromium(III) complex. 
The proposed mechanism involves the formation of 
in rapid preequiliprations analogous to equations 2 and 3. 
Both these ions then aquate to form the Rh(C204)2 (H2o) 2-
ion. 
The Co(c2o4)3-3 ion is light sensitive and undergoes 
photodecomposition in the solid phase: 
h'> (4) 
The proposed mechanism for the analogous reaction in the 
liquid phase involves the free oxalate radical ion, c2~-1 
(11). Copestake and Uri (11) found that the 
photodecomposition was zero order in Co(c2o4)3-3. Hydrogen 
ion of approximately 5 x 10-2 M concentration has no 
effect on the photochemical decomposition, but increases 
the rate of thermal decomposition. 
The thermal decomposition reaction is identical to 
the photochemical decomposition reaction; but the former 
is initiated by heat, and the latter by light energy. 
Their rates are diptinctly di~ferent. This thermal 
reaction has been studied (1, 11, 25) and has been found 
to be a mixed first and second order reaction in acid 
solution~ TI1e values of the rate constants obtained by 
Copestake and Uri (11) and Murgulescu and Onesca (25) are 
0 in agreement at temperatures above 70 c, but differ 
considerably at lower temperatures. In neutral solutions, 
the reaction is first order in the complex and is 
independent of ionic strength; but in acidic media, the 
reaction becomes dependent on ionic strength. 
Murgulescu and Onesca (25) have also studied aqueous 
solutions of both the Co(OH2) 2(c2o4) 2- ion and the 
(c2o4)2Co(OH) 2Co(C2o4)2- 4 ion. The former ion is a 
plausible intermediate in redox reactions of Co(c2o4) 2-3 
in aqueous media-, as it is in the thermal decomposition 
reactions. 
10. 
EXPERIMENTAL 
I. MATERIALS 
Water 
Water, the solvent used for the investigation, was 
purified for use by means of a Barnsted Water Still, type 
S-1, employing a distillation after refluxing with 
alkaline permanganate. "Conductivity" water from the 
still had a conductance of 1.5 megaohms immediately before 
use. This conductivity \vater was used for all solutions·.* 
Sulfuric !£if! 
A standard solution of sulfuric acid was prepared 
from "Baker Analyzed": reagent grade material. 
Cerium(IV) Sulfate 
G.F. Smith reagent grade cerium(IV) sulfate (in 
sulfuric acid) solution was filtered with a sintered glass 
*Throughout this paper, the term "water" will mean 
conductivity water as decribed above, unless otheT~rlse 
specified. 
funnel to remove any precipitate. The predominant cerium(IV) 
species in the solution is Ce(S04)3-
2 (17) • 
Cobalt(II) Nitrate 
A s~anaard solution of cobalt(II) nitrate was prepared 
from 'llJ3aker Analyzed"' reagent grade material. 
Potassium Trisoxa1atocobaltate(III) 
Potassium trisoxalatocobaltate(III), K3Co(C204> 3•3f H2o, II 
'\ITas prepared by the method originally due to Sorenson ( 8, 
29). The deep green, needle-like crystals were dissolved in 
water and the solution filtered through a sintered glass 
funnel. The salt was reprecipitated three times from water 
with ethyl alcohol, and then washed alternately with ethyl 
alcohol and diethyl ether three times. 
Solutions were prepared by direct weighing of the 
K3Co(c2o4) 3 • 3t H2o. The salt was kept in a dessicator, 
and in the dark. No absorption of atmospheric water· by the 
hydrated salt was observed over a twenty-four hour period. 
12. 
II .. ANALYSES 
Acid Solutions 
Sulfuric acid was standardized using phenolphthalein 
as an indicator by means of sodium hydroxide solution 
which was, itself, standardized against potassium acid 
phthalate. 
Cerium(IV) Sulfate 
The cerium(IV) sulfate solution was standardized by 
means of arsenic(III) oxide, using fe~roin (o-phenanthro-
line iron(III) sulfate) as an indicator. 
The acid content of the cerium(IV) sulfate solution 
was determined as follows: A sample of the cerium(IV) 
solution was titrated with standard sodium hydroxide, 
using phenolphthalein as the indicator. After addition of 
approximately 95% of the required volume of NaOH, the 
solution was heated to coagulate the precipitated 
cerium(IV) hydroxide. The solution was then cooled to room 
temperature, and after subsequent addition of NaOH, the 
color of the supernatant liquid was noted. The acid 
content of the solution was calculated from the total 
amount of base used, and the volume of cerium(IV) sulfate 
solution present. 
• 
13. 
Cobalt(II) Nitrate 
The cobalt(II) nitrate solution was standardized 
poten~iometrically with potassium ferricyanide, according to 
a method described by Vogel (35) •. The potassium 
ferricyanide was standardized against sodium thiosulfate, 
which was, itself, standardized against potassium iodate. 
Potassium Trisoxa1atocobaltate(IIIJ 
Identification of the compound which had been prepared 
was accomplished by measuring the absorption spectrum of 
aqueous solutions of the salt. The results of t hese 
experiments and other reported spectra (1, 2, 11) are 
tabulated in Table 1 (page 7.J-I ). 
Adamson and Sporer (2), and Copestake and Uri (11) 
report absorption maxima and associated molar absorptivity 
values at 420 rnr (see Table 1, page1){ ). These values are 
in excellent agreement w1 th those obtained by this '\vorker. 
Copestake (10) analyzed an apparently similar compound 
and showed the molecule to have 3.5 H20, rather than the 
3 H20 assigned to it by ~drenson (29). No attempt has been 
made at this point to analyze the water of constitution 
contained in the salt prepared. 
14. 
I I I. PROCEDURE 
' -3 Aqueous solutions of Cotc2o~) 3 have been found (11) 
to obey Beer•s law within a concentration range of 10-6 to 
10-1 M. All absorption measurements were made with a model 
DU Beckman spectrophotometer fitted with a thermostating 
attachment. 
The measurements were made in 1 em quartz cells. The 
cells were maintained at 25 ! 0.2° C by circulating water 
from a constant temperature bath through the thermostating 
attachment. At this temperature, equilibrium data is 
available for sulfuric acid (30 and stab~li ty data is 
available for cerium(IV) sUlfate (17). 
In all measurements, redistilled water \-ras usee_ as a 
reference. In each case·, the cells were oriented in the 
same "Yray . The slit width 't·ras held at a constant value of 
0. 015 mm . 
-3 In the case of Co(c2o4) 3 , because of its sensitivity 
to light, its thermal decomposition, and its decomposition 
in acid, all solutions were prepared immediately before 
use; weighings were made in the dark, and the solutions 
'\>Tere prepared and kept, during Use, in 1'00 mle' low-actinic, 
· glas~ volumetric flasks. Water · solutions of Co(c2o4) 3-3 
were prepared as indicated above; the concentrations were 
such that, on mixing with the acidic ceritun(IV) solutions, 
the final reaction mixtures were of the desired concen-
trations gnd acidity. 
The temperature increase due to addition of ro 
cerium(IV) solution in 3.66 M sulfuric acid to the 
aqueous Co(C2(\) 3 -3 \vas found to be less than one centi-
grade degree., 
The solutions to be mixed were first set in the 
thermostat bath and were allowed to come to thermal equi-
librium., The solutions were then mixed and quickly 
placed in the spectrophotometric cell. The first 
readings were taken about 1:.,5 minutes after the time of 
mixing. 
For the stoichiometric determination, the solutions 
were prepared and mixed as described above. The 
' 
reacting solutions were allowed to stand in the dark, and 
at room temperature. Absorbance measurements were taken 
at 48, 72, and 90 hours from time of mixing . The 
absorption was measured both at 480 ~ and 510 ~' the 
latter being the maximum in the visible region for 
hexaquocobalt(II) (see Figure 2, page29). The measured 
concentration of the various solutions were compared to 
the concentrations as calculated from the assumed 
stoichiometry: 
16. 
In order to test this assumed stoichiometry, solutions 
vrere prepared with an initial cerium(IV) concentration five 
and six times that of the initial Co(c2o4) 3-3 concentration. 
Assuming the stoichiometry of equation 5, 
when ~e(IV~ 0 = 
' 
(6) 
then = 0 
' 
(7) 
and 
For the cases where ~e(IV) J 0 is greater than 
? ~o(c2o4> 3-~ 0 , then, again assuming the stoichiometry 
of equation 5, 
[ Ce(IV) J 
«> 
= 
17. 
And at any wa-velength, 
Utilizing these equations, the indicated stoichiometry 
,.ras established (see pages / 9 and Jn. Because of the 
limitations of accurately weighing a prescribed sample of 
K3co(c2o4) 3 • 3t H20, the solutions have an initial ratio 
"' . of cerium(IV) to Co(C2~) 3-.) of 4.9 to 11 and 5.9 to 1:, 
rather than exa:ctly- 5 to 1 and 6 to r, respectively. 
Therefore, in solutions of the smaller ratio, slight 
exces~ of Co(c2o4)3-3 should exist at completion. 
18. 
EXPERIMENTAL RESULTS 
I. ABSORPTION SPECTRA 
In studying both the stoichiometry· and the ki netics 
... 
of the reaction of cerium(IV) with Co(C20~)3-~ , it was 
found that the simplest and most suitable method was that 
of measuring light absorption. This necessitated a 
determination of the molar absorptivity; e, of the 
species involved in the reaction. To prevent hydrolysis· 
of the cerium(IV), to maintain constant acidity, and to 
keep the proportion of cerium(IV) constant relative to the 
various sulfato complexes, all reactions were carried out 
in {.83 M sul.furic acid;- this value was chosen to permit 
comparison with other data already available (33). The 
results in aqueous, non- acidic media for Co(c2o~) 3-3 , and 
in this acid media for hexaquocobalt(II) and cerium(IV) are 
given in Table 1 (page '2l{), Table ~ (page 2 7 ) , and Table 3 
(page 30 ), and in Figure 1 (page '2-G ), Figure 2 (page 2.9 ), 
and Figure 3 (page 3/ ), respectively. 
II ... AQUATION 
It was found that the absorption spectrum of 
-3 Co(c2o4)3 was constant in aqueous solution at both 
absorption maxima (420 ~ and 596 ~) over a forty-eight 
hour period. In acid solution, however, a marked decrease 
of absorption occurred with time. The results· of these 
mea urements, taken at 480 mjb and at 596 ~' over a 
/ -3 
fold concentration range of Co(c2~) 3 , are given in 
two-
Table 4 (page32) and in Figure 4 (page 1 £1 ). 
Calculations with the data from the rate of acid 
catalyzed aquation studies, indicate a rate of aquation of 
approximately 7% in 30 minutes. This calculation assume~ 
that the only product~ are hexaquocobalt(II), carbon 
dioxide, and c2~ - 2• 
III. STOICHIOMETRT 
It was found that the stoichiometric rate of 
cerium(IV) to Co(c2o4)3-3 was 5:1, and may be represented 
as follows: 
Solutions were studied ,.here the Ce(IV) to Co(c2o4) 3-3 
ratio was 5 to 1 and 6 to r, respectively. The Beer-
Lambert equation was used to calculate the theoretical 
• 
2D. 
absorption of the solutions at the completion of reactions 
at 480 m~ and at 510 ~· The observed absorption values 
measured at these wavelengths at 48 and 72 hours· from the 
time of mixing were constant and agreed to within r% with 
the theoretical values For each solution, a precipitate 
was observed to have been formed. after 90 hours . The 
results are given in Table 5 (page3J( ). 
IV KINETICS 
The rate of reaction of Co(c2o4) 3-3 with cerium(IV) 
was studied over a wide range of concentrations at a 
constant acidity of 1.83 M in sulfuric acid, and at 25° c. 
For each run, the observed absorbance at time zero, 
determined by extrapolation, agreed to within 1 to ~per 
cent 'dth the value calculated for the initial concentration 
from the Beer-Lambert equation. The measured absorbance 
was transformed to the cerium(IV) concentration for any time 
utilizing equation 15, which is belo"'' derived from the 
Beer-Lambert law on the tentative a~sumption that the 
. 
absorban~s· of any intermediates are zero : 
For the stoichiometry1 
Subtracting equation 12 from equation 11, and substituting 
for ~o(c2o4) 3-~ 0 - [co(c2o4)3- 3] t nd ~o(IID t 
from equation 13: 
21. 
(11) 
Therefore, @e(IV3 t = ~e(IV~ 
0 
- 1/k (A
0 
- \) (15') 
Wavelength k 
27 24 cm-1 
15.18 
33 . 12 
In Table 6 (page~~) and Table 7 (page lf C, ), and in 
Figure 5 (pa.gelf/ ) and Figure 6 (page .)/ ) , are tabulated the 
concentration of cerium(IV) in solutions of Co(c2o4)3- 3 and 
cerium(IV) in 1'. 83 M sulfuric acid as a function of time . 
) - 3 -3 The initial Co(c2o4 3 concentrations were 5 x 10 M and 
1 x 10- 2 M, respectively; the initial cerium(IV) concentra-
tions were varied from 5 x to-3 M to 5.1 x 1 o-2 M. 
Measurements were taken at 480 ~ and 490 y and 596 m;..v; 
the wavelength was chosen so that the absorption value for a. 
particular solution fell in the range o-f 0 •. 2 to 0.8 . For 
certain solutions, the experiments were repeated. The 
results are found to be reproducible and are shown in 
Table' 8 (pageS'?)".· 
The slopes of these [ce(IV)] t versu~ time plots, 
that is, d ~e(IV)] /dt is plotted against [ce(rv)J 0, 
the initial cerium(IV) concentration, in the form of equa-
tion 16 . 
The data fall on a straight line, indicating a. mixed first 
and second order rate equation as shown in Figure 7 (pages-9) . 
The slope and intercept of this straight line were calculated 
using the least square method : 
-4 - 1 k1 = 1. 47 x 10 second 
8 - 3 -1 -1 k2 = 7. 2 x 10 liter mole second • 
TABLE 1 
The Absorption Spectrum of Aqueous· Solutions of 
Trisoxalatocobaltate(III) Ione 
Temperature = 25 ± 0.2° C 
[Co<c2o4 ) 3-~ = 5 x- 1o-3 M 
The spectrum is represented in Figure 1! (pagel.G) 
Wavelength, m;v Holar \vavelength, 
Absorptivity 
1 mole-1 cm-1 
2-45 (a) 2.14x10 4 440 
285 (b) 1.45 X 103 450 
350 80.5 460 
358 56.0 470 
360 46.5 480 
370 79 4 490 
380 t08 500 
390 141 500 (b) 
400 173 510 
410 203 520 
420 215 530 
420 (a) 218 540 
420 (c) 220 550 
420 (b) 230 560 
430 200 570 
24. 
mt' Molar 
Absorptfvity 
1 mole- em-
158 
117 
75.1 
39.2 
1'8.0 
1'2.0 
20.3 
12.0 
34.9 
51.1 
68.0 
83.2 
100 
116 
131 
Wa-velength, m 
580 
590 
596 
596 (a:) 
600 
605 (c) 
605 (b) 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
TABLE 1 (Concluded) 
Molar 
~sorptfvity 
1 mole- cm-1 
148 
162 
1'64 
1'65 
162 
170 
175 
150 
133 
116 
99.1 
81'.9 
64.8 
47.7 
31 .0 
13.0 
4 
(a) value from reference 11, which report~ 3.5 H2o per 
molecule of K3co(c2o4 )3• 
(b) value from reference 1 , ·which reports 2'.2 H2o per molecule of K3co(c2o4 )3• 
(c) value from reference 2 , which reports 3.5 H20 per 
molecule of K
3
co(c2o4 )38 
25. 
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TABLE 2 
The Absorption Spectrum of the Hexaaquocobalt(II) Ion. 
Temperature = 25 ± 0.2° C 
@o(H2o) 6 +~ = 6.0508 M 
The spectrum is represented in Figure 2 (page 29 ). 
Wavelength, m/ 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
596 
Molar Absorptivity 
in 1.83 M Sulfuric Acid 
(Curve A) 
1 mole-1 cm-1 
0.3 
o:.4 
0.6 
0.98 
r.48 
~.20 
2.89 
3.39 
3.76 
4.61' 
4.65 
4.78 
4.51 
3 86 
2:.87 
2.03 . 
1'.30 
o.8t 
0.59 
o.45 
o·.4 
27. 
28 . 
TABLE 2 (concluded) 
\vavelength, { Molar Absorptivity1 in water 1. mole~ cm-1 
(Curve B) 
400 0.3 
410 o.4 
420 0 5 
430 0.93 
440 1 .. 46 
450 2.05 
460 2.81 
470 3.2-9 
480 3.64 
490 4.04 
500 4.43 
510 4.65 
520 4.4-1 
530 3.72 
540 2·.78 
550 1. 97 
560 1".24 
570 0.75 
580 0.51 
590 o·.41 
596 o.4 
6'00 0.3 
0 <} 
<(eLl 
() 
0 
\0 
0 
ro 
l.t, 
a 
~ 
0 
~ 
0 
~--------~--------~---------L--------~------~~~ 
'-"' ~ f'l) N - 0 
TABLE 3 
The Absorption Spectrum of Cerium(IV) Solutions· 
in 1-.83 M Sulfuric Acid at 25° c. 
~e(IV~ = 5 x 10-3 M 
1vavelength, mr Molar Absorptivity 1 mole- 1 cm-1 
440 1'78 
450 111 
460 67.4 
470 40.2 
480 24.4 
490 13.7 
500 8.8 
510 4.9 
520 3.2 
530 2.0 
540 1.2 
550 0.6 
560 0.4 
570 0.4 
580 0 
590 0 
30. 
1..00 
180 
..... 
I 
t /60 
v 
._ 
I 
IU 
._ 
0 14 0 i 
_j 
)... /20 \-
-~ 
-
""" 
~ 
QC I 0 o () 
~ 
~ 
<( 
80 
~ 
-1 
0 
I 60 
Lfo 
20 
0 
Lf?O S"IO 
TABLE 4 
The Absorbance of Solutions of Trisoxalatocobaltate(III) 
Ion in 1 83 M Sulfuric Acid as ~ Function of Time . 
Temperature r 25 ~ 0. 2o C 
Time is expressed in minutes. 
Concentrations: Series I @o(C2~)3 -~ Wavelength 
1 5 x- 10-3 M 0 480 mf-
2 1 X 10- 2 M 480 mr 
3 5 x 1 o-3 1 596 i 
Solution No • I, 1 Solution No . I , 2 
Time A Time A 
0 (0. 095) 0 (0.183) 
1. 5 0.093 1. 5 0 182 
2. 5 0. 091 2. 5 0. 182 
5. 0 0.092 3. 0 0. 182 
7. 5 0 •. 092 4 . 0 0.1"82 
10. 0 0.089 5. 0 0.182 
12 . 5 0. 087 7. 5 0. 178 
15. 0 0. 088 10. 0 0.178 
17.5 0 087 1'2. 5 0. 178 
20.0 o. o87 15. 0 0.176 
22. 5 0.087 17.5 o. 1'75 
25 0 0. 087 20.0 0.174 
27.5 o •. o86 22. 5 0.174 
30.0 o. o84 25. 0 0.173 
32 
Solution No. 
Time 
0 
1. 5 
2. 5 
5.0 
7.5 
10. 0 
12. 5 
t5. 0 
17.5 
--
20 ~ 0 
22.5 
25.0 
27. 5 
30. 0 
I, 3 
A 
(0. 842) 
0.838 
6. 829 
o. 82'1 
o.820 
0.81"9 
0. 812 
o. 8o8 
o".8oo 
0.793 
0.788 
0.780 
o·.772 
0.769 
TABLE 4 (concluded) 
Solution No. 
27. 5 
30. 0 
33. 
I, 2 
.. 
0. 1"70 
0.170 
o.-z.o 1-
· ~ --: 
\ll o, JJ' 1-
u 
~ 
<( 
CQ 
Ill. 
0·10 0 ) __ ,., 
~ 
ttl 
<( 
o.o) f-
0. 8'2. 
u. o.s 0 
~ 
cc. 
~ 
or£ 
Q 
~ 0,78 
<( 
I I 
A 
'-' v 
I I 
B 
3!/ 
. 
.S Er' R. 11; s ~I 0 
St;RillS .1-)2. A 
I I J 1 I 
-
A A 
" 
A 
A 
-
-
-0 \J .., 
""" 
,.. 
-
I I I I 
f1.. /6 
\v) 
('f) 
Ce(IV) : Ce (IV) 
0 Co(C204) 3 -3 
Ratio 
102 x -3 a 
Co (G204)J 
moles/liter 
Absorbanceb~c 
1.~-80 m 510 m 
0 
moles/ liter 
48 hours 72 hours 48 hours 72 hours 
4.9 : 1 5. 46 0.2676 0. 204(0. 206 ) 0. 203 (0. 206} ~-260(0.261) 0. 261 (0.261 ) 
4. 9 : 1 2.73 0.1338 0.100(0. 103) 0.100 (0.103 ) 0. 131 (0.131) 0.130(0. 131) 
5.9 : 1 4.51 0.2676 1.16(1.20) 1.13(1. 20 ) 0. 425 (0. 425) 0.425(0.425) 
5.9 : 1 2. 26 0.1338 0. 590 (0. 593 ) 0.587(0.593) 0. 205 (0. 210) 0. 203 (0. 210 ) 
Table 5 Stoichiometric data for the react ion of Gerium(!V) 
and Co (c2o4)3-3; see pages and 
(a ) All solutions are in 1. 83 M smlfuric acid . 
{b) Values in parantheses are calculated assuming a 5 : 1 stoichiometry. 
-
· ( c ) In all cases , after 90 hours a precipitate was observed to have been formed . 
36. 
TABLE 6 
The Concentration of Cerium(IV) in Solutions of 
Trisoxalatocobaltate(III) Ion and Cerium(IV) in 
1 . 83 M Sulfuric cid as a Function of Time. 
F -3] Co(C2o4)3 O = 5 x 10-3 M 
Temperature = 25 ± 0.2° C 
Time is expressed in minutes . 
Series II, 1 = 48o mr Series· II, 2 ~= 480 mr 
Time At [ce] t x 1 o3 Time At [ce] x 1'03 t 
0 (0.213) 5.00 0 (0.230) 5.75 
2 0 0.211 4.93 1. 5 0.225 5.57 
2.5 0.210 4.89 2.5 0.2'2-5 5.57 
5.0 0.207 1.1-. 78 5.0 0.2-22 5.46 
7.5 0.203 4.63 7.5 0.219 5.35 
1 o.o 0.199 4.49 10.0 0.216 5.24 
1'2. 5 0.195 4. 34 . 12.5 0.211 5.06 
15.0 0.189 4.12 15.0 0.208 4.95 
17.5 0.187 4.05 17.5 0.203 4.76 
20 •. 0 0.182 3.86 20.0 0.200 4.65 
22.5 0.179 3-75 22.5 0.196 4. 5t 
25.0 0.174 3.57 25.0 0.191 4.32 
27.5 0.170 3.42 27.5 0.188 4.21 
30.0 0.165 3.24 30.0 0.183 4.03 
37. 
TABLE 6 (continued) 
SerieS' II, 3 ).= 596 mt' Series III, 1 >. = 48o mr 
Time At [c~ t x 103 Time At fS;e]t x 103 
0 (0.829) 5.75 0 (0.32'£) 9.7 
1.0 0.820 5.48 1.5 0.323 9.6 
1 .. 5 0.820 5.48 2.5 0.320 9.5 
2.5 6.820 5.48 5.0 0.314 9.3 
5.0 o.8l8 5.42 7.5 o.3ro 9.2 
7.5 0.815 5.33 1 o.o 0.304 8.9 
10.0 0 81'5 5'.33 12.5 0.298 8.7 
12.5 0.810 5.18 15.0 0.294 8.5 
15.0 0.808 5.12 17.5 0.288 8.3 
17.5 0.801 4.90 20 0 0.282 8.1' 
20.0 0.793 4.66 22.5 0.278 7.9 
22.5 0.790 4.57 25.0 0.273 7.8 
25.0 0.788 4. 51 27.5 0.268 7.6 
27.5 0.782 4.33 30 0 0.263 7.4 
30.0 0.788 4.21 
Series III, 2' ~= 480 m/ Series III, 3 ).= 596 m; 
Time At [ce]t x 103 Time At [Ce]t x 103 
0 (0.32o) 10.0 0 (0.834) 10.0 
l.5 0.325 9.96 1. 7 0.828 9.82 
2.5 0.322 9.85 2.5 0.823 9.67 
5.0 0 317 9.67 5.0 0.820 9.58 
7.5 0.314 9. 56 7.5 o.8l3 9.37 
10.0 0 310 9.41 10.0 0.809 9.25 
38. 
TABLE 6 (continued) 
Se-ries- III, 2 Series· III, 3 
12.5 0.305 9.23 12.5 o". 805 9. 12 
15.0 0. 302 9. 12 15.0 0. 799 8. 94 
17.5 0.297 8.93 17.5 0.793 8.76 
20.0 0.293 8.79 20.0 0.790 8 67 
22. 5 0.287 8. 56 22.5 0.781 8.40 
25.0 0.283 8.42 25.0 0.773 8.16 
27.5 0. 278 8.24 27. 5 0. 770 8.07 
30.0 0.275 8.12 30. 0 0.768 8. 01 
Series IV 1: 
.X= 480 rryv Se-ries IV, 2: ;\: 480 ~ ' 
Time At [c~t x 102 Time A [ce] t x 102 t 
0 (0.518) 1.80 0 (0.571) 2. 00 
1. 5 0 512 1. 79 1. 5 0.568 1. 99 
2.5 o. 511 1. 77 2. 5 0.562 1.97 
5.0 o. 502: 1. 74 5.0 o. 558 1. 95 
7.5 a· 498 1. 73 7.5 o. 551 1.92 
10.0 0.490 1. 70 10 •. 0 0.547 1. 91 
12.5 0.481 1.66 12.5 o.54o 1. 89 
15.0 o. 478 1.65 15.0 0.532 1. 86 
17.5 0.469 1.62 17.5 o. 528 1.84 
20. 0 0.462 1' . 59 20.0 o. 521 1.82 
22. 5 0.458 1. 58 22.5 0. 518 1. 81 
25.0 0.450 1. 55 25.0 0.510 1".78 
27. 5 0. 445 1 . 53 27 5 0.502 1. 75 
30.0 0. 439 1. 51 30.0 0.497 1. 73 
39· 
TABLE 6 (continued) 
Series IV, 3 A= 596 m;-v Series· V, 1 A= 480 m~ 
Time At [CJt X 102 Time At [.CeJt x 102 
0 (0.824) 2 00 0 (0.846) 3.10 
1. 5 0 820 1.99 1. 5 0.840 3.08 
2.5 0.818 1.98 2.5 0 840 3. 08 
5.0 0.810 1.96 5.0 0.837 3.07 
7.5 0.803 1.94 7.5 0.825 3.02 
10.0 0.794 1. 91 to.o 0.818 3.00 
1"2.5 0.790 1.90 12.5 0.808 2 96 
r5.o 0.783 1.88 15.0 0.801 2 94 
17.5 0.772: 1:.85 17.5 9/798 2.92 
20 0 0.770 t.84 20.0 0.790 2.89 
22 5 0.762 1. 81 22.5 0.782 2.87 
25.0 0.755 1. 79 25.0 o. 771 2.83 
27.5 0.749 1. 77 2?.5 0.765 2.80 
30.0 0 742 1.75 30 •. 0 0.756 2.77 
Series v, 2 ~= 596 mr Series VI, t A=· 48o mr 
Time At @~t X 102 Time At @e]t x 102 
0 (0 829) 3.10 0 (1.07) 4.00 
1 5 o.82u }.07 1. 5 1" 06 3.96 
2.5 0.820 3.07 2.5 1'.06 3.96 
5.0 0.816 3 06 5.0 1.05 3.93 
7.5 0.802 3.05 8.0 1.03 3.85 
10.0 0.791 2.99 10.0 1.03 3.85 
40. 
TABLE 6 (concluded) 
SeTies· V, 2 SeTies VI, t 
12'. 5 0 789 2.98 12.5 1.02 3.82 
15.0 0.775 2.94 15.0 1. 01 3.80 
1'7.5 0.769 Z.92 17.5 0.996 3.73 
20 0 0.760 z.89 20.0 0.990 3. 71 
22.5 0.75Z 2:.87 22.5 0.982 3.68 
25.0 0.746 2.85 25.0 0.979 3.67 
-
27.5 0.739 2. 83 27.5 0.969 3.63 
30.0 0 730 2.80 30 •. 0 0.962 3.60 
Series VI, 2 A= 596 mr 
Time At @~t X 102 
0 (0.8Z5) 4.00 
1. 5 6.81•8 3.98 
z.5 0.819 3.98 
5.0 o"-808 3.95 
T.5 0.799 3.92 
10.0 0.790 3.89 
12.5 0.780 3.89 
t5.o 0.771' 3.84 
17.5 9-/759 3.80 
20 0 o. 75'i 3.78 
22.5 o· •. 743 3.75 
25.0 0 738 3.74 
27.5 0 728 3. 71 
30 0 Q.,718 3.68 
Figure· 5 
The Concentration of Ceritun(IV) in Solutions of 
Trisoxalatocobaltate(III) Ion and Cerium(IV) in 
1.83 M Sulfuric Acid as a Function of Time. 
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Figure 5 
The Concentration of Cerium(IV) in Solutions of 
Trisoxal tocobaltate(III) Ion and Cerium(IV) in 
1.83 M SulfUric Acid as a Function of Time. 
[co(c2o4 ) 3 -~0 = 5 x 1 o-3 M 
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Figure·· 5 
The Concentration of Ce~um(IV) in Solutions· of 
Trisoxalatocobaltate(III) Ion and Cerium(IV) in 
1".83 M Snlfuric cid a-s a Function of Time . 
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Figure' 5 
The Concentration of Cerium(IV) in Solutions of 
Trisoxalatocobaltate(III) Ion and CeTium(IV) in 
1. 83 M Sulfuric Acid as a Function of Time. 
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46. 
TABLE 7 
The' Concentratiom of Cerium(IV) in Solutions of 
Trisoxalatocobaltate(III) Ion and Cerium(IV) in 
1.83 M Sulfuric Acid as a Function of Time. 
~o(C:.04l 3 -~ 0 = 1 x 10-2 M 
Temperature = 25 ± 0.2° C 
Time is expressed in minutes . 
Series- VII' 1 )\=48omi Series VII, 2 A= 49o m;-
Time At [ceJ t :IE 1 o3 Time' At freJ t x 103 
0 (0.309) 5.00 0 (0.195) 5.00 
1' 5 0.307 4._93 1. 5 0.189 4.60 
2.5 0.304 4.82 2.5 0.187 4147 
5.0 0.293 4.41 5.0 0.185 4.34 
7.5 01284 4.08 7.5 0.180 4.01 
1 o.o 0.277 3.83 10.,0 0.175 3.68 
12.5 0.268 3-.49 1'2.5 0.172 3.48 
15.0 0.260 3.20 1'5.0 0.168 3.22 
17.5 0.253 2~94 17 5 0.163 2.89 
20·0 
' 
0.245 2.65 20.0 0.1'57 2.50 
22.5 0.237 2.36' 22.5 0.1'52 2.17 
25.0 0.229 2.06. 25.0 0.1:49 1.97 
27.5 0.221' 1·. 77 27.5 0.144 1.64 
30.0 0.212 1.44 30.0 0.139 1. 31 
47. 
TABLE 7 (continued) 
Se-ries VII, 3 =- 480 ~ Series VIII, 1 .A= 480 ~ 
Time At [CeJt x to3 Time At @e]t x- 1 o2 
0 (Ol.286) 4.40 0 (0.394) o.89 
1i ') 0.283 4.29 1'. 5 0.390 0.88 
2.5 o-. 281 4.22 2.5 0.388 0.~7 
5.0 0.272 3.89 5.0 0.376 0.82 
7.5 0.265 3.63 7.5 0.367 0.79 
10.0 0.258 3.37 1·o.o 0.361 0.77 
1'45 0.251 3'.1 z 12.5 0.351 0.73 
15.0 0.244 2.86 15.0 0.340 0 69 
17.5 0.235 2~53 17.'5 0.332 0.66 
2D.O 0.226 2.20 20.0 0.323 0 63 
22.5 0.218 1. 90 22.5 0.315 0.60 
25.0 0.210 1. 61 25.0 0.304 0.56 
27.5 0.203 1 • .35 27.5 0.295 0.53 
39.0 0.196 1. 10 30.0 0.286 o.49 
Series VIII, 2 = 48o r Se-ries VIII, 3 A= 49o m; 
Time At [ce] t JZ: 1 o2 Time At [ce] x 102 t 
0 (0.418) 1.00 0 (0.258) 1.00 
1. 5 0.411 0.97 1. 5 0.254 0.97 
2.5 0. 409 0.97 2.5 0.253 0.97 
5.0 0.401 0.94 5.0 0.248 0.93 
7.~ 0.394 0;91 7. 5 0.243 0.90 
10 0 0.384 0.88 10.0 0.239 0.87 
48. 
TABLE 7 (continued) 
Series· VIII, 2. Series· VIII, 3 
12. 5 0. 375 0, ()4 12. 5 0. 234 0 •. 84 
15&0 0. 367 0. 81 15. 0 0. 230 0 . 82 
17. 5 0. 359 0. 78 1'7. 5 0.225 0. 78 
20. 0 0. 350 0. 75 20. 0 0. 218 0 •. 74-
22.5 0. 341 o. 72' 22. 5 0. 212 0. 70 
25. 0 0. 334 0. 69 25 . 0 0. 210 0. 68 
27. 5 0. 324 0. 65- 27. 5 0. 204- 0. 64-
30. 0 0. 316 0. 63 30.0 0. 198 0. 60 
Series IX, 1 ~ = 4-t5o mr Series IX, 2. A= 4t50 m_r-
Time At ~e]t x 102 Time At @e]t x 102 
0 (0.624) 1. t54 0 (0. 66l.r) 2. 10 
1. 5 0. 621 1. 83 1. 5 0. 658 2. 08 
2·. 5 0. 614- 1. ()0 2. 5 0 . 64~ 2. 04-
5. 0 0. 600 1. 75 5. 0 0.,626 1. 96 
7. 5 o. 5t58 1. 71 c;.5 0. 610 1.90 
1'0. 0 0. 572 1. 65 10.,0 0.596 1. t55 
12'~ 5 o. 561 1. 61 12 . 5 o. 5ts4- 1. 81 
15 . 0 0. 550 1. 57 15 . 0 0. 571 1. 76 
17 5 o. 539 1. 53 17. 5 0. 559 1. 71 
20 . 0 0. 525 1 .4-~ 20. 0 0. 545 1' . 66 
22. 5 o. 513 1. 4-3 22. 5 0. 532 1. 62 
25. 0 0. 500 1 . 3~ 25 . 0 o. 51'9 1. 57 
27. 5 o. 489 1. 34 27. 5 0. 508 1. 53 
30. 0 0. 481 1.32 30.0 0 . 49~ 1 . 4-b 
49. 
TABLE 7 (continued) 
Series IX, 3 A= 49o mr Series x, 1 A= 4-Bo ~ 
Time ~\ [c~t x 102 Time At [ce]t X 102 
·: o . (0.407) 2. 10 0 (0.866) 3. 08 
1. 5 o. Lro6 2. 09 1. 5 0. 859 3.05 
2. 5 0. 4-01 2. 06 2. 5 0 . ~50 3. 02 
5. 0 0.393 2.01 5. 0 0 . ~35 2. 97 
7. ') 0 . 3~4- 1. 92 7. ') 0. 81(5 2.90 
10.0 0. 373 1.90 10.0 o.8oo z.84 
1Z.5 0.369 1.85 1"2.5 0.781 2.77 
15.0 0.361 1.00 15.0 0.768 2. 72 
17.5 0.3')4- 1. 76 1~.5 0.752 2.66 
20.0 0. 348 1. 71 20.0 0.738 2.61 
22.5 0.340 1. 66 22.5 0.725 Z. 56 
25.0 0.333 1. 61 25. 0 o . ·;o~ 2. ::>0 
27.5 0.326 1".57 27.5 0.699 2.47 
30 0 0.318 1. 51 30.0 0.683 2.lt1 
Series X, 2 :A= 49o I Series XI 1" >. = 480 ~ 
Time At Ce t x to2 Time At Ce x- 1 o2 t 
0 (0.540) 3.08 0 (1.08 ) 4.10 
1. 5 0.539 3.07 1.5 1.07 4.06 
2.5 0.536 3. 06 2.5 1.06 4-.03 
5.0 o. 5a4 2.97 5.0 1.03 3. 92 
7. '; 0 512 2. 90 7.5 1.02 3.88 
10.0 0.502 2. 83 10.0 1.00 3.81 
50. 
TABLE 7 (concluded) 
Series X, 2 Series XI, 1 
12. 5 0. 4-')2 2.76 12.5 0.982 3.76 
15.0 o.4S2· 2.70 15.0 0.968 3.69 
17.5 0.472 2.64 17.5 0.955 3.64 
20.,0 0.468 2. 61 20.0 0.939 3· 58 
22. 5 0. 4-)3 2. )1 23.0 0.919 3. 51 
25.0 0.449 2,48 25.0 0 900 3.tf4 
27.5 0.442 2.43 27.5 0.892 3-~1 
30.0 0.435 2.39 30.0 0.879 3. 36 
Series· XI, 2 )... = 490 m ?' Series XII, 1 A= t~9o mr 
Time At @e]t x · 10
2 Time At [Ce]t x 102 
0 (0.684) 4. 10 0 (0.812) 5.08 
1.) O. b79 4. 07 1. 5 0.810 5.07 
2.5 0.672 4.02 2.5 0.802 5.01 
5.0 0.659 3.94 5.0 0.788 4.92 
7.5 0.641 3.82 7.5 0.771 4.81 
1 o. o 0. 629 3. ·;4 10.0 0.760 4.74 
12.5 0.618 3.67 12.5 0.748 4. 66 
15.0 0.610 3.61 15.0 0.737 4. 59 
1"7.5 o. 597 3-53 17.5 0.725 4. 91 
2u . u 0.587 3.46 20.0 o. 711 4.41 
22. 5 0.578 3.40 22.5 0.700 4.34 
25. 0 0. 570 3.35 25.0 0.690 4.28 
27.5 0.560 3. 26 2~.5 0.680 4.22 
30.0 0.550 3.22 30.0 0.,671 4 15 
Figure' 6 
The Concentration of Cerium(IV) in Solutions of 
Trisoxalatocobaltate(III ) Ion and Cerium(IV) in 
1.83 M Sulfuric Acid as a Function of Time. 
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TABLE 8 
Kinetic Data for the Reaction of Cerium(IV) and 
Trisoxalatocobaltate(III) Ion in r.83 M Sulfuric 
Acid at 25° c. 
The slopes, d (ce(IvD I dt are taken from the graphs· of 
[ce(IV~ t plotted against time as. shown in Figures· 5 
and 6 ( pages 41 and 51', respectively). 
57. 
Series [ce(Iv)] 0 d ~e-(Ivi] /dt d~e{IVi]/dt • f/ [?o<c:p4l 3 -~ 0 
moles/liter moleS" liter minute~ 1 
-1 minute- 1 
II 1 
' 
5.00 X 10-3 5.,'45 x 1 o-5 . - 3 10.9 X 10 
Il, 2 ~ . '7) 4.06 8. t2 
II, 3 5.75 4.33 8.66 
III, t 0.97 x-10- 2 7 72' . ' 1'5.4 
III 
' 
2 r.oo 7.22) 14-.i.J-
III 
' 
3 1.00 7.26 1Lt.5 
IV, 1: 1.~0 9.82 19.6 
IV, 2 2.00 9.20 18.4 
IV, 3 2.00 8. 71 17.4 
v, 1 3.10 10.5 21.0 
v, 2 3.1.0 to.o 20 •. 0 
VI, 1 4.00 15.5 31 .0 
VI, 2 4.00 1'1.4 22.8 
58. 
TABLE 8 (concluded) 
~o(C2o4) 3-~0 = 1 x 10-2 M 
SerieS" @e<rvD
0 
d ~e (rvi];ut d {9e(IV~ /dt • 1/ @'o<c
2
o4) 3] 
moles/liter moles li ter-1 minute- 1 
minute - 1 
VII, 3 4.40 X 10-3 to.5 x · ro-5 10.5 X 10-3 
VII, t 5.00 12:.0 12.0 
VII, 2 5.00 12·. 5 12.5 
VIII, 1 o.89 x 1'o-2 13. 1 13. 1 
VIII, 2 1.00 1'2. 5 1:2;5 
VIII, 3 r.oo 13.0 13.0 
IX, r 1.,84 17.6 17.6 
IX, 2- 2.10 21.8 21.8 
IX, 3 2.10 19.6 19.6 
x, 1 3.08 23.z 23.2: 
x, 2 3.08 24.0 24.0 
XI, 1' 4.10 26.7 26.7 
XI, 2 4.10 32.2 32.2 
XII 1 5.08 32.2 32.2 
Figure · 7 
The Mixed Firs.t and Second Order· Kinetic Plot 
for · the Reaction of Trisoxalatocobaltate(III) 
Ion and Cerium(IV) at 25° C in 1. 83 M Sulfuric 
Acid. 
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DISCUSS'ION 
It was found that the spectrophotometric results for 
the reaction of cerium(IV) with Co(c2o4) 3-3 are 
consistent. ~rlth the stoichiometry of equation 5: 
As indicated earlier, solutions were studied in which 
the initial cerium(IV) concentrations were five and six 
times that of the initial Co(c204' 3-
3 concentration. The 
absorption at 596 ~ after 48 hours was essentially zero, 
demonstrating that no Co(c2o4)3-3 was present after that 
time . However, measurements of the aquation and thermal 
decomposition (11) reactions of Co(c2o4) 3-3 in 1.83 M 
sulfUric acid in the absence of cerium(IV) indicated that 
the Co(c2o4) 3-3 would have been completely reduced 
( Co(III) to Co(II) ) in this time. 
For the solutions having cerium(IV) in stoichiometric 
excess, slight negative deviations of 2-3% from the 
theoretical values were observed (see Table 5, page3~) . 
These deviations may indicate an attack by excess 
cerium(IV) on the solvent vrater in the presence of 
+2 Co(H2o) 6 , as first suggested by Taube (31). While 
61. 
Co(c2o4)3-3 quantitatively oxidizes iron(II) (4, 11), it 
causes no oxidation of cerium(III) (11). Hence, the 
reaction of Co(c2o4)3-3 vrlth the cerium(III) produced may 
be discounted as a possible side reaction. It may be noted 
here that cerium(IV) does inhibit the reaction of 
~-Cr(H2o) 2 (c2o4) 2- 'v.ith cerium(IV) (33). 
In acidic-sulfate media the cerium(IV) oxidation of 
Co(c2o4)3-3 proceeds quite slowly. The observed rates 
indicate a mixed first and second order reaction, as 
summarized in the rate law: 
The values of k1 and k2 are tentative at this point, 
and may change if it is shown that other stable intermediates 
are indeed present in the solutions; the tentative values of 
the constants are: 
= 
The initial absorbancies· of reactant solutions obtained 
by extrapolation (see Figures 5 and 6-, pages l/1 through.)~ ), 
agree well with the values calculated on the basis of the 
Beer-Lambert equation. The rate plot (Figure 7, page ~9 ) is 
based on absorption values of the initial reactants and the 
62. 
assumed products. The tentative assumption has been made, 
as indicated in the experimental section, that reaction 
intermediates, especially· Co(c2o4>2<H2o) 2- , do not 
appreciably contribute to the absorbancies of reactant 
solutions. Work is currently in progress to measure 
directly the cerium(IV) concentration as it decreases 
with time, by a method that should be independent of 
r-eaction intermediates. Based on the evidence presently 
available, it is believed that significant contributions 
to the absorbancies by intermediates would have some 
effect on the magnitudes of the apparent rate constants, 
but that such contributions would not affect the form of 
the rate lavT. 
The rate law as expressed in equation 16 implies the 
existence of two parallel, rate-determining reactions. The 
first term in the rate equation may be identified with the 
13 
slow aquation of Co(c2o4)j~ . , followed by rapid 
consumption of the fr-ee oxaiate by cerium(IV), according to 
the following equations: 
(18) 
+ 2Ce(IV) ----=">:;. 2CO 2 + 2Ce (III) (19) 
A recent study (5) of the aquation of has 
An analogous situation exists in the case of the 
Cr(c2o4) 3-3 ion, where the products of aquation are the 
Cr(c2o4 )2(oH2)2- ion and free oxalate. 
The Co(c2o4) 2(H2o) 2-
1 ion has been shO\m by Hurgulescu 
0 
and Onesca (22) to decompose at 16 c, and they have 
suggested the following mechanism: 
The reaction has been found to be firsybrder in the complex 
anion With a rate constant of 2.87 x 10-5 second-1• The 
activation energy is 18.4 kcal/fnole·, a small value, compared 
to most first order reactions. The more rapid reaction of 
1 -1 Co(c2o4) 2 (H20J~ compared to Rh(C2o4)2(H2o) 2 may be noted. 
64. 
It is not ppssible at this point to specify the role 
that Co(C204)2(H20)2-1 may take in the mechanism of the 
reaction examined in the present study. If it reacts 
rapidly ,.n. th cerium(IV), then it is not a major· 
consideration in the overall mechanism. From the data of 
Murgulescu and Onesca (22), it has been calculated that 
approximately 11.% of the Co(c2o4)2(H2oJ 2- decomposes in 25 
minutes at 16° C at comparable concentrations. It can be 
said, however, that the anion does not produce cobalt(II) 
oxalate in the presence of cerium(IV), as indicated in the 
equaticrn above. The anion may be produced by the action of 
-4 hydroc.hloric acid on (c2o4) 2Co(OH) 2Co(c2olt) 2 , the anion 
of Durrant's salt (22). A study of the reaction of 
cerium(IV) and cocc2o~) 2(H2o> 2- should certainly prove 
fruitful. 
The second order term in the rate law proposed here 
(equation 16J may be interpreted as a direct attack by 
cerium(IV) on the whole complex, or on species wh~ch are in 
rapidly established equilibrium '~th the complex; e.g., 
The most likely rate-determining steps are then: 
(20) 
and 
Co(c2o4) 2 • oc2o3 • H2o-
3 + Ce(IV) ---,...::.... products, 
65. 
or (2t) 
products. 
In this connection, Murgulescu and Onesca (22) have 
proposed the- follm·Ting sequence of reactions for the 
thermal decomposition of Co(C o4) -3 : 2 3 
2 -1 Co(C 0 ) - + c2o4 + H2o 2 4 2 
66. 
It is probable that; both the free- oxalate· and free 
oxalate radical ion will be very rapidly consumed by the 
cerium(IV)". 
Saffir and Taube (31) have sho'~ that in the 
oxidation of Co(NH3) 5c2o4+ by cerium(IV), the cobalt(III) 
and cerium(IV) together execute the two-electron 
oxidation of the monodentate oxalate ligand. In this 
connection, it ha~ been found (33) that the oxidation of 
oxalic acid with cerium(IV) in aqueous sulfuric acid may 
proceed through the decomposition of cerium(IV)-oxala~o 
complexes which form in rapid preequilibrium reactions. 
Because the reaction of cerium(IV) with free oxalate is 
very much faster than with bound oxalat~, Saffir ~~d Taube 
(31) point out that the cobalt(III) can hardly be 
considered to be assisting in the oxidation of the 
oxalate• Further evidence for this inhibiting effect of 
cobalt(III) is now found in the relatively slow reaction 
of Co(c2o4) 3-3 vrlth cerium(IV). 
The results· of Harwick and Robertson (17) indicate 
that in strongly sulfuric acid solutions, at room 
temperature, cerium(IV) will be pxedominantly in the form 
of the Ce·(so4 ) 3- 2 ion. No attempt was made in this study 
to deduce the role of sulfate in the mechanism. Instead, 
efforts were directed towards keeping the proportion of 
cerium(IV) among the various sulfate complexes the same 
throughout all reactions. 
The following partial mechanism is then proposed for 
the cerium( IV) oxidation of Co(c2o4) 3- 3 ,.rhich is 
consistent with the established kinetic and stoichiometric 
data and other known prop·erties· of relevant species : 
First ordeF path A :. 
slow 
Co(C o4) -3 + 2H 0 ------~ 2 3 2 in two steps; 
C 0 - 2' + Ce'( IV) 
2 4 
at least one 
slo-vr 
fast 
very fas;t 
uncertain 
2C02 + Ce(III) 
Co(H2o) 2(c2o4)2- + 3Ce(IV) >Co(II) + ~20 + 4co2 + 3Ce(III) mechanism 
and rate 
First order path F : 
C 0 - 1 + Ce(IV) 
2 4 
Second order path: 
very · fast 
fast 
uncertain 
mechanism 
68. 
2C02 + Ce(III) 
Co(II) + 4co2 + 4Ce(III) 
uncertain 
Co(C2Cy_) 3- 2- + 4Ce(IV) > Co(II) + 6C02 + 4Ce{III) mechanism 
and rate' 
Clearly, additional experimentation will be necessary 
in order to elucidate further details of this rather complex 
reaction. 
/ 
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Work on the Cr(c2oy) 3- 3 - Ce(IV) system (33), under 
identical conditions, has sho\1n that the reaction follows 
simple second order kinetics, with aquation of the 
chromium(III) complex not achieving an important role . The 
rate of this latter reaction in 1 83 M sulfuric acid, at 
25° c, may be summarized by the rate law expression: 
- d [ Ce>( IV)] 
dt~ 
A comparison of the tentative second order r ate 
constant for the reaction of cerium(IV) with Co(c2o4)3- 3 , 
with the definitely established second order rate constant 
for the reaction of cerium(IV) with Cr(C2-D4)3-3 , under 
identical conditions indicates that the direct attack of 
cerium(IV) on the Cr(C2~) 3-3 is approximately sixteen 
times faster than the analogous reaction on Co(c2o4)3- 3 • 
A possible interpretation of these relative rates may 
be found in a comparison of the ease of oxidation of 
chromium(III) to chromium(IV), as compared to the corres-
ponding oxidation of cobalt(III). In their study of the 
70. 
cerium(IV)-Cr(H2o) 6+2 reaction, Tong and King (34) postu-
late three one-equivalent reactions: 
Cr(III) -----::>~ Cr(IV) (a) 
Cr(IV) ---->~ Cr(V) (b) 
Cr(V) ---,.....:;. >• Cr(VI) (c) 
They suggest the second (b) to be rate determining. Thus, 
the oxidation of chromium(III) to chromium(IV) is on~ that 
occurs with relative ease, assuming a +4 state is formed as 
an intermediate. If the oxidation of cobalt(III) to 
cobalt(IV) is more difficult, then it would be exp~cted 
that the sa~ond order constant in the corresponding rate 
expression would be greater in the case of Cr(c2U4; 3-3 • 
Another possible interpretation for the different 
rates for the reaction of cerium(IV) and Co(c2o4)3-3 and 
Cr(c2o4) -3 is suggested by the racemization rates of these 3 ' 
two ions. Long (22) has established by isotope exchange 
studies that the racemizatio~ of both Co(c2o4) 3-3 and 
Cr(c2o4)3-3 occurs by an intramolecular mechanism. 
Considering the observation (9) that the half-life for 
racemization of Co(c2o4>3-3 and Cr(c2o4) 3-3 iS 66 minutes 
• 
71.. 
at 37. 5° C and 67 minutes at 1H. 2° c, respectively, then 
the rate of opening of the bidentate oxalate ligand is 
slower in the case of Co(C2o4) 3- 3. If in both cases· the 
cerium(IV) oxidation involves the formation of cerium(IV) -
oxalato intermediates with opened oxalate rings, then it 
would again be expected that the Co(C204}3-J - Ce(IV) 
second order reaction would be slower • 
M 
[x] 
0 
[ x]t 
[x] (1) 
A 
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LlST OF SYMBOLS 
Moles per liter 
Concentration of X at time zero 
Concentration of X at time t 
Concentration of X at completion 
of reaction 
Absorbance (A =· log10 Io! I) 
Absorbance at time zero 
Absorbance at time t 
Absorbance at completion of 
reaction 
Molar absorptivity of X 
Wavelength 
Millimicron 
ethylenediammine 
1,10- phenanthroline 
i. 
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ABSTRACT 
Over the past t\.ro decade-s, considerable effort has: 
been directed towaTa studying the oxidation or reduction of 
the central metal a tom of transition metal complexes·, with 
considerably less . attention directed toward studies' of the 
redox reactions of the ligands per se . The present work 
undertakes the study of the cerium(IV) oxidation of the 
oxalate in the non- labile Co(c2o4) 3-3 ion, with the 
objective of establishing the stoichiometry of the reaction, 
and investigating the kinetics of the reaction , in the hope 
of shedding light on the mechanism of the complex electron 
transfer . 
The stoichiometry was established by assuming the 
products of equation 1, and comparing the values of the 
absorbancie$ calculated for the assumed stoichiometry with 
the values actually obtained. 
Solutions were prepared in which the initial cerium(IV) 
concentrations were five and six times that of the initial 
• 
-· 
v:f. 
Co(C2(\) 3-3 concentration.- For the solutions having 
cerium(IV) in stoichiometric excess, slight negative 
deviations of 2:--:3 per cent, from the theoretical values were 
observed. These deviations may indicate an attack by excess 
cerium(IV) on the solvent water in the presence of 
+2 Co(H20)6 •. 
It was found that the absorption of Co(C204) 3-3 in 
aqueous solution at both absorption maxima, 420 m~ and 
596 ~'was constant over a forty-eight hour period. In 
1. 83 M sulfuric acid solution, however, a marked decrease 
of absorption occurred \f.Lth time, due to the aci~catalyzed 
aquation of the complex: 
2Co(c2o4) 3-3 --->311>- 2.-CoCf\ + (2') 
Calculations indicate a rate of aquation of approximately 
7 · ~er cen~in 30 minute~ at 25° c. This calculation assumes 
that the only final products a~e - Co(H2o):2 , carbon dioxide, 
and c2~-2- and that the stoichiometry of the reaction is 
according to equation ~~ 
In acidic-sulfate media, the cerium(IV) oxidation of 
I 
Co(c2o4) 3-3 proceeds moderately slowly. The observed rates 
indicate a mixed first and second order reaction as 
summaTized in the rate law: 
vii. 
The values of k1 and k2 are tentative at this point, and 
are subject to change if it is shown that other stable 
intermediates are indeed present in the solut on. The tenta-
tive values are : 
-1 s 
The rate of the cerium(IV) oxid tion of 
was studied by following the decrease in absorption of 
reactant solutions with time. For each run, the observed 
absorption at time zero, as determined by extrapolation, 
agreed to within 1: to 2 per cent with the values calculated 
for the initial concentration from the Beer-Lambert equation. 
By assuming the products and stoichiometry of equation 1, 
and tentatively assuming the absorbancie~ of any intermediates 
are negligible, the measured absorbancies "Yrere transformed to 
viii •. 
the cerium(IV) concentration at any time utilizing equation 
4, which is derived on the basis of the Beer-Lambert 
equation: 
'\vhere k = 
k ha:s the 
The 
e 
Ce(IV) 
values: 
+ 1/5 
vravelength 
480 ~ 
490 y 
596 ry 
assumption that 
k 
27.24 em 
15.18 
33.12 
1/5 
-1' 
(4) 
e 
Co(II) • 
intermediates· contribute negligibly 
to the total absorption is currently· being checked by an 
attempt to measure directly the cerium(IV) concentration as 
it decreases with time. Hopefully, the method '\dll be 
independent of reaction intermediates. Based on the 
evidence presently available, it is believed that significant 
contributions to the absorbancie~ by intermediates would have 
an effect on the magnitud~s of the apparent rate constants, but 
would not affect the form of the rate law. 
The rate law as expres~ed in equation 3 implies the 
ix. 
existence of two parallel, rate determining reactions. The 
first term in the rate equation may be identified ,.n. th the 
followed by rapid consump-
tion of the free oxalate by cerium(IV) according to the 
follm·.Ting equations: 
----->~ 2C02 + 2Ce(III) 
The second order term in the rate law proposed here 
(equation 3) may be interpreted as a direct attack by 
ceri~(IV) on the whole complex, or on species which are in 
rapidly established e uilibrium with the complex. The most 
likely rate determining steps are then: 
---~>• products 
and 
--->~ products 
or 
x. 
A comparison of the tentative second order rate constant 
for the reaction of cerium(IV) with Co(c2o4) 3- 3 , with the 
definitely established second order rate constant for the 
-3 
reaction of cerium(IV) with Cr(c2o4) 3 , under identical 
conditions indicate~ that the ~ect attack of cerium(IV) on 
the Co(c2o4) 3-3 is approximately sixteen times faster than 
) -3 -1 - 1 the analogous reaction on Co(c~o4 3 ; k2 = 0.127 M s 
at 25° C for Cr(C 0 ) - 3/ 2 4. 3 • 
This observation may be interpreted by comparing the 
ease of formation of the +4 oxidation state of the two metals. 
The formation of Cr(IV) occurs with relative ease; if the 
oxidation of cobalt(III) to cobalt(IV) is more difficult, 
then it would be expected that the second order constant in 
the corresponding rate expression would be greater in the 
case of Cr(c2o4) 3-3 • 
Another possible interpretation for the different rates 
for the reaction of cerium( IV) ,.n. th Co(c2o4) 3-3 and 
Cr(c2o4)3-3 is suggested by the racemization rates of these 
two ions~ the rate of racemization of Cr(c2o4) 3- 3 is faster 
than that of Co(c2o4)3-3. Thus, the rate of opening of the 
bidentate oxalate ligand is slower in the case of the 
Co(c2o4 )3- 3 ion. If in both cases the cerium(IV) oxidation 
involves the formation of cerium(IV) - oxalate intermediates 
with opened oxalate rings, then it would again be expected 
xi. 
that the Co(c2o4) 3-3- Ce(IV) second order reaction would be 
slo,.,er. 
Further experimentation is required to elucidate the 
details of the mechanism; specifically, a study of the 
reaction of Co(c2o4) 2(H2o) 2- 2, which may be prepared by adding 
hydrochloric a·cid to (c2o4>2co(OH) 2Co(c2o4)2-4, \dth cerium(IV) 
would be fruitful. 
